Site index has traditionally been estimated using height over age curves in the province of Quebec (e.g., Vézina and Linteau 1968 , Boudoux 1978 , Pothier and Savard 1998 . While such curves tend to be effective tools for estimating site index in mature stands, they are unreliable for estimating site index in juvenile stands, i.e., stands that are younger than 20 years old at breast height (Nigh 1995) . Conversely, variable growth intercept models are being increasingly used outside Quebec to give reliable site index estimates for young stands by relating the average annual height growth of trees to site index. These models have the advantages of being: 1) developed specifically for estimating site index, not height; 2) intended for young stands; 3) not constrained to pass through the site index at index age; and 4) less sensitive to small deviations from the mean height when compared to height-age models (Nigh 1996) .
The purpose of this study was to develop growth intercept models for black spruce, jack pine and balsam fir in Quebec. Another objective was to provide an interim validation of the models based on an independent data set. In general, the modelling technique closely follows that of Nigh (1997a) , which should be consulted for additional details.
Material and Methods

Data collection
The data for this study consisted of 83, 68 and 70 sample plots of black spruce, jack pine and balsam fir, respectively. The plots were located throughout the distribution range of each species in the province (Fig. 1) . The plots were remeasured or established in accordance with the recommended procedures for permanent sample plots in Québec (Ministère des Ressources naturelles du Québec 2001).
The plots were circular, 0.04 ha in size, and were located in areas that were ecologically homogeneous and where the target species was predominant. Within each plot, the three largest-diameter trees (diameter measured at breast height, D 130 , height = 130 cm, Brokaw and Thompson 2000) of the target species were chosen as sample trees. In cases where the permanent plot was remeasured from the network of plots of the Inventory Branch (Ministère des Ressources naturelles, de la Faune et des Parcs du Québec), the trees were chosen outside the plot at a minimum distance equivalent to the dominant tree height and had diameters (D 130 ) similar to the three largest D 130 trees found inside the plot.
Prior to felling a tree, an increment core was taken at 0.75 m height to verify if the tree had experienced a suppression period during its early life. If so, another dominant tree having a similar D 130 but with no suppression was selected as a replacement. The selected sample trees were cut down and sections from the stem were taken at stump height (0.15 m), 0.60 m, 1.00 m, 1.30 m, 2.00 m and at each subsequent 1.0 m or 2.0 m length. The WINDENDRO™ system (Guay et al. 1992 ) was used to measure annual increment rings and COFECHA (Holmes 1983 ) was used for crossdating the tree sections. Section data were converted into heightage data by linear interpolation using ANATI (Tardif 2001) and were analyzed using SAS (SAS Institute Inc. 1999).
Characteristics of the stands sampled are presented in Table 1 .
Growth intercept modelling
The method used for growth intercept data analysis was similar to the one presented in Nigh (1997a) . The main difference in the application of the method lies in the reference height for age which is set at 1.0 m in Quebec instead of 1.3 m (breast height) generally used in other provinces. In this study, both reference heights were used and two sets of equations were provided. For clarity in the text, age measured at 1.0 m (100 cm) is hereafter referred to as "age 100 " and age measured at 1.3 m (130 cm) as "age 130 ." The height-age data were plotted for each tree, by plot. Data for ages above 50 years were deleted, as they were not used in the data analysis. Trees displaying anomalous growth were deleted from the analysis, as were plots with fewer than two suitable trees. In general, this included trees that have not been able to maintain a consistent height growth (typical of dominant trees) or trees that appeared to have suffered from the last spruce budworm epidemics (balsam fir and black spruce only). In addition, the heights of some trees that were between 45 and 50 years old were extrapolated using a Chapman-Richards function (Fekedulegn et al. 1999 ) based on the last ten years of growth. For calculations made for ages 100 , this procedure allowed us to salvage 6, 12 and 14 black spruce, jack pine and balsam fir plots, respectively. For calculations made for ages 130 , 9, 13 and 15 black spruce, jack pine and balsam fir plots were salvaged, respectively, using this procedure.
Next, the mean height growth was calculated by plot. The site index was obtained by calculating the top height reached at 50 years of age taken at 1.0 m and 1.3 m. Growth intercepts were calculated according to equation 1 for each age 100 and age 130 from one to 50:
where: GI A is the growth intercept (cm/yr) for age (A) = 1, 2, . . ., 50 (yrs), H A is the average height (m) at age A, RH is the reference height for age (1.0 or 1.3 m) and A 0 is an adjustment factor for age to account for the first year of height growth above the reference height, which is a partial year's growth, H 0 and H 1 are the heights of the tree at the nodes immediately below and above reference height:
The growth intercepts of all plots were related to the site index for each age 100 or age 130 using Nigh's (1997a) variable growth intercept model:
where SI is the estimated site index, GI A is the growth intercept (cm/yr) for age A at reference height (HR), and b 1 and b 2 are model parameters.
One set of parameters was estimated for each age 100 or age 130 between 1 and 50 using SAS NLIN procedure. An analysis of the residuals was done to confirm the regression assumptions of unbiasedness, normality, and homoscedasticity (Ratkowski 1983, Sen and Srivastava 1990) . Each model was analyzed for bias (a t-test to verify whether the mean of the residuals was significantly different from zero), normality with the W statistic (Shapiro and Wilk 1965) , homoscedasticity using the F k statistic (Endrenyi and Kwong 1981) , intrinsic and parameter effects nonlinearity (Bates and Watts 1980) and parameter bias (Box 1971) .
Interim validation of the models
Many plots inventoried in this study had to be rejected because they did not meet all the selection criteria (e.g., some plots had trees with anomalous height growth). As a consequence, all inventory plots were used in the calibration phase leaving no plots for the validation. However, an independent data set for each species was assembled to test the growth intercept models. These data were collected in the same manner as the model development data. Although originally collected to develop new height-age curves for these species as a function of ecosystem site type (J.P. Saucier, personal communication), these data were adequate for interim model testing.
The independent data set consisted of 30 black spruce, 5 jack pine and 40 balsam fir stem analysis plots, established in the Balsam Fir -Yellow Birch and the Balsam Fir -White Birch bioclimatic subdomains in 2002 (Saucier et al. 1998 . To test the model, the following calculations were made for each species studied at ages 100 or ages 130 . Firstly, the actual site index of each plot from the independent data set was computed, i.e., the height reached at 50 years. Secondly, an estimated site index was calculated using the fitted growth intercept models for each age from one to 50. Thirdly, the errors in the estimates (actual site index -estimated site index) were calculated and averaged for each age to observe the variation in estimated site index when applying the models (Nigh and Martin 2001) . For a specific age, an error greater than zero indicates that the model is underestimating site index.
Results
Tables 2-3 present the analysis results of model [3] for ages 1 to 50 for black spruce, jack pine and balsam fir, respectively. For each species, the table includes the parameter estimates and the root mean square error (RMSE), which is a measure of model accuracy. The results of the tests for bias, normality, homoscedasticity, intrinsic and parameter-effects nonlinearity, and parameter bias are summarized below:
• Bias: none of the models showed any evidence of bias.
• Normality: the models for ages 100 1, 10, 11 (black spruce), 50 (jack pine), and for ages 130 2 to 7 (black spruce), 50 (jack pine) and 44 to 47 (balsam fir) showed slight (0.004 < p < 0.05) evidence of non-normality. The tests for bias, normality, and homoscedasticity showed that the usual least-squares regression assumptions (Sen and Srivastava 1990) were in general, satisfactorily met. Fig. 2 shows graphically the fitted growth intercept models at age 25 overlaid on the data points for black spruce, jack pine and balsam fir, respectively. Fig. 3 shows the mean error (dashed line) of the variable growth intercept models for black spruce, jack pine and balsam fir for the interim test data plotted against age from 1 to 50. Confidence intervals at 95% level (solid lines) for the mean error are also shown and indicate when potential bias may occur, i.e., where a confidence line crosses the mean error value of zero. Testing of the black spruce models revealed that for ages 100 under 12 (Fig. 3a) , the mean error was significantly different from zero and that the models may be biased. However, the estimated bias was greater than 1 m only for ages 100 of less than 5. The mean error for ages 130 under 8 (Fig. 3d) was also significantly different from zero; in these cases, the models overestimated the true site index by approximately 50 cm. On average, the magnitude of the error was between 15 and 30 cm for both reference heights. The model testing for jack pine showed that the mean error for ages 100 (Fig. 3b ) between 17 and 30 and for age 100 50 was significantly different from zero. Similarly, the mean error for ages 130 between 15 and 30 ( Fig. 3e ) was significantly different from zero. On average, the magnitude of the error was between 20 and 30 cm for both reference heights. Finally, the model testing for balsam fir showed that the mean error for ages 100 (Fig. 3c ) between 37 and 50, and for ages 130 between 37 and 45 ( Fig. 3f) were significantly different from zero. On average, the magnitude of the error was between 15 and 20 cm for both reference heights.
Discussion
The deliverables of this study were growth intercept models for black spruce, jack pine and balsam fir with ages measured at two reference heights (1.0 m and 1.3 m). The models for black spruce were the most precise, followed by those for jack pine and finally by those for balsam fir (see Fig. 3 and the root mean square errors reported in Tables 2 and 3 ). The accuracy of the models was good, relative to those for other species. Overall, the growth intercept models had the same accuracy as those for black spruce in British Columbia (Nigh and Klinka 2001) , lodgepole pine (Nigh 1997b ) and western redcedar (Nigh 2000) , but were slightly more accurate than those for interior spruce (Nigh 1999) , interior western hemlock (Nigh 1998) , coastal Douglas-fir (Nigh 1997a) , coastal western hemlock (Nigh 1999) , interior Douglas-fir (Nigh 1997c) , Sitka spruce (Nigh 1999) , western larch and Ponderosa pine (Nigh 2002) . As is typical for growth intercept models, the accuracy of the model increased as tree age increased . This study has shown that the variable growth intercept model proposed by Nigh (1997a) was applicable to black spruce, jack pine and balsam fir in Quebec. The model produced well-behaved equations ( Fig. 2 and Nigh 1999) , characteristic of variable growth intercept models. The relationship between site index and the growth intercept lengths as shown in Fig. 2 is slightly curvilinear, which indicated that a unit increase in growth intercept length was met with a progressively smaller increase in site index. This also suggested that trees growing on good sites reached a maximum rate of height growth earlier than trees growing on poor sites (Thrower 1987) .
It should be noted that foresters will want to know the age at which the error in estimated site index will be under a certain threshold. An idea of this precision can be obtained by looking at the root mean squared error from Tables 2-3, which gives an approximate range of the magnitude of the error in the estimated site index that can be expected 95% of the time (Nigh 1998) . To obtain a site index estimate with a precision of 2 m, stands should not be surveyed until they are at least 20, 22 and 26 years old at 1.0 m height for black spruce, jack pine and balsam fir, respectively. For measures taken at 1.3 m height, they should not be surveyed until they are at least 20, 21 and 25 years-old for black spruce, jack pine and balsam fir, respectively.
The model testing for black spruce showed that the mean error decreased with age at both reference heights, which indicated that the models can be used in young stands but that the estimates of site index for those ages may be less reliable. The interim testing revealed some evidence of bias in the growth intercept models for all species. The mean error, however, was in general in the order of ± 30 cm for all three species and as such may not be of practical significance (Ministère des Ressources naturelles du Québec 2000). The model testing is considered interim because the test data used came from only two bioclimatic subdomains (Balsam Fir -Yellow Birch and the Balsam Fir -White Birch), even though a graphical analysis showed that the model development and test data were somewhat similar across all ages. Also, the sample size for jack pine was extremely small and hence the growth intercept models for this species requires further validation with a larger independent data set.
Since growth intercept models for black spruce are also available in British Columbia (Nigh and Klinka 2001) , the models developed in Quebec and in British Columbia were inverted so that height could be plotted by site index and age for comparison purposes (Fig. 4) . The inverted models were graphed up to 50 years and compared for site indices 8, 12 and 16. The comparison revealed that there was little difference in the shape of the height over age curves, especially between 35 and 50 years and confirmed that the height growth pattern for black spruce is relatively similar across different regions of Canada . The juvenile height growth rate was slightly higher in British Columbia than in Quebec, however, and this may be due to climatic dissimilarities between the two regions or to some level of growth plasticity of black spruce in relation to climate.
The application of growth intercept models requires trees with a height growth that reflects site productivity (B.C. Ministry of Forests 1995). The fact that balsam fir and black spruce are reputed to be able to withstand long periods of suppression (Crossley 1976) and to be vulnerable to spruce budworm epidemics (Sanders et al. 1985) may complicate the process of tree selection. As Monserud (1985) pointed out, trees that are believed to have suffered episodes of suppression or defoliation, or have had top damage, should not be used as site trees. Using trees that do not reflect site productivity may underestimate site index. Since suppression may be an important problem, there is a risk that several growth intercept sample plots may have to be rejected in some areas. An alternative to the rejection of such trees is to substitute a free-growth equivalent period to the suppression years (Seymour and Fajvan 2001) . With this method, an "adjusted age" not including the suppression years can be determined and used for site index determination instead of the true age.
Although useful for estimating the site index of juvenile stands, the growth intercept models developed in this study are not readily compatible with Quebec's current site index equations for growth and yield predictions (Pothier and Savard 1998) . The latter are based on temporary sample plot data and are more asymptotic than those based on individual dominant trees (Raulier et al. 2003) . Making the transition from the growth intercept models to the height-age models causes the estimated site index to jump. A conversion equation 3 is thus necessary to make the transition between the two systems of equations.
Conclusion
Growth intercept models for black spruce, jack pine and balsam fir that are applicable across the province of Québec are now available. Sampling for these models covered the major ecosystems that support these three species in the province. Furthermore, the models are applicable at two reference heights for age determination (1.0 and 1.3 m), so that they can be tested and applied not only in Quebec but also in other areas (e.g., eastern Canada). An interim testing of the models revealed a low mean error for all three species that may not be of practical significance, although more data should be obtained to further test the models. 
